The photo-induced transient spectroscopy (PITS) technique was used to investigate the capture and emission dynamics of deep levels in Ga 0.8 In 0.2 N 0.015 As 0.985 /GaAs and Ga 0.8 In 0.2 As/GaAs quantum wells, sequentially grown by molecular beam epitaxy. A broadband white light or a filtered light was used to identify and discriminate the trapping centres present in the sample. Among all the features discovered in this experiment two PITS peaks, showing activation energies of 160 and 330 meV, have been associated with deep levels in GaInNAs.
Introduction
Recent developments in optical fibre technology have made it possible to extend the optical communication window to cover the wavelength range from 1.3 to 1.7 µm without introducing excessive losses, thus opening up the potential for a big increase in capacity. As a result, optoelectronics devices such as semiconductor lasers, detectors, filters and optical amplifiers operating in the 1.3 µm range have become the major topics of research in photonics.
An attractive material, which is expected to have significant advantages over the conventional long wavelength structures, is the quaternary alloy GaInNAs, which was first proposed by Kondow [1] . Ga x In 1−x N y As 1−y can be grown pseudomorphically on GaAs, within a certain critical thickness before misfit dislocations are generated. Therefore, single or multiple quantum well (QW) structures can be obtained by combining GaInNAs with wide gap materials such as GaAs or Ga 1−x Al x As. Provided that GaInNAs is compressively strained, QWs with type I band line up can be formed and can be utilized in light emitting devices. In such structures the large electronegativity of N atoms leads to a conduction band offset that can be as large as 350 meV [1] and hence a very strong carrier confinement can be maintained even at high temperatures [2] . Therefore, the poor temperature characteristics of the conventional long wavelength sources can be overcome in this material system. In addition to improved temperature performance, GaInNAs allows the use of well-established high-refractive index contrast (∼14%) GaAs/AlAs distributed Bragg reflectors (DBRs) in the fabrication of vertical-cavity surface-emitting lasers (VCSELs). Good temperature characteristics and simpler fabrication make GaInNAs VCSELs very attractive for applications in high-speed optical networks. Recently, roomtemperature continuous-wave operation of GaInNAs VCSELs has been reported in electrically pumped structures with output power in the 700 µW range and modulation speeds of 10 Gb s −1 [3] . In order to increase the optical quality and therefore the performance of these optoelectronics devices, it is fundamental to discover, investigate and eventually minimize the presence of defects inside the material. In this study we have determined the trap levels present in a GaInNAs/GaAs system using the photo-induced transient spectroscopy (PITS) technique.
Photo-induced transient spectroscopy technique
PITS is a simple assessment technique used in the characterization of deep levels in nominally undoped highresistivity semiconductors. The technique relies on trapping and de-trapping of photogenerated electrons and/or holes at various defect centres and impurities. The thermally-induced release of the carriers from such defects or impurities (detrapping) can be measured in the form of a transient electrical signal which provides information about the energy levels and the capture cross-sections of the trapping centres.
Early studies of the dynamics of deep-level trapping centres in the bulk material have often employed deep-level transient spectroscopy (DLTS) as well as the PITS techniques. The DLTS technique has been also used in the determination of band offsets and well/interface deep levels in low-dimensional structures. Interpretation of DLTS results is often complicated, however, because of two-dimensional (2D) nonlinear effects associated with high built-in electric fields in the depletion region of the biased junction. In the PITS technique, however, Schottky or p-n junction spectroscopy is avoided, and external bias can be applied parallel to the 2D layers. The electrical field can be kept low enough to avoid the occurrence of any significant nonlinear effects [4] .
A mechanically chopped optical pulse, incident on the surface of a high-resistivity sample, creates excess electronhole pairs, increasing the total conductivity of the sample. When the light is switched off, the photo-generated carriers create a transient current flowing along a series resistor when a voltage is applied across the sample. The transient current is composed of a fast radiative and a slower non-radiative component. The former is due to carrier recombination and the latter to the presence of defects and impurities [5] . The free carrier lifetime (during which the carriers are free to contribute to the conductivity) depends upon these processes. When a carrier is trapped, its free lifetime is interrupted, being resumed when the carrier is released from the impurity.
Analytically, the dynamics of photocarriers (emission and capture) in deep states can be described using the ShockleyRead-Hall equations [6] . By considering just one species of traps (electron traps, for example), the net rate of electron occupancy is dn t dt = c n (N t − n t ) − e n n t .
Here N t is the total density of states in the trap, n t are the occupied electron states, and c n and e n are the capture and emission rates respectively. The capture rate depends upon the capture cross-section σ n , the electron average thermal velocity v n and the free carrier concentration n:
In thermal equilibrium the net rate given must be equal to zero. Therefore, from equation (1) 
This ratio can also be expressed using the Fermi-Dirac distribution [7] as
Therefore, from equations (3) and (4) e n c n ≈ exp
In a non-degenerate semiconductor, the free carrier concentration is related to the effective density of states in conduction band N c as [8] 
By substituting equations (2) and (6) into equation (5) 
Similarly for hole traps
Here E V and N V are the valence band energy and the corresponding effective density of states in the valence band, while σ p and v p represent the hole capture cross-section and the average thermal velocity, respectively. Equations (7) and (7a) give the emission rates e n and e p in terms of the capture cross-sections σ n and σ p and the energy separations of the trap level from the appropriate bandgap.
Considering a temperature dependence for v n , N c and σ n , as given in [5] , it is possible to express e n as
with
which is a constant and depends upon the material under study [5, 9] . Equation (8) emphasizes the temperature dependence of the system through a decaying exponential and a polynomial factor, from which the trap parameters can be obtained.
Experimentally, the decay rate of the photoconductive signal can be measured by considering the transient decay of the photocurrent i(t) described as [5] i(t) = CN t e n exp(−e n t) (10) where C is constant. A two-point subtraction method [9] is used in the PITS technique to extract information about the traps from the transient current decay. The current is recorded at two different times t 1 and t 2 after the light is switched off, giving a PITS signal as
This signal, recorded as a function of the lattice temperature, shows different peaks, each one corresponding to a specific trap. Unfortunately, this technique cannot give information about the type of trap levels, whether they are associated with electron or hole traps, unlike DLTS [5] .
In figure 1 , the evolution of the PITS signal with temperature is represented where the peak position corresponds to the temperature T M where the change in the transient current reaches its maximum.
From equation (8), the emission time constant corresponding to T M is given by τ max = [e n (T M )] −1 [10] . The following relation between the sampling times t 1 and t 2 and τ max can be found therefore by setting the first derivative of the PITS signal to zero:
Assuming that τ max = Bt 1 and t 2 = At 1 , a plot of equation (11) on A and B reveals that for A > 8, B → 1 and τ max → t 1 . This means that an accurate choice of the sampling times gives a simple way to obtain τ max . The temperature T M that corresponds to the maximum of the current transient depends on the values of t 1 and t 2 [11] . Therefore, a plot of log τ T 2 M versus 1/T M can be produced by changing the position of t 1 (Arrhenius plot) to provide information about the trap activation energy and capture crosssection.
In fact, for T = T M , equation (8) can be rewritten as
Experimental details
The sample E#752R1 investigated in this work has the structure shown in figure 2 . It is grown by molecular beam epitaxy (MBE) on a SI GaAs substrate and is composed of a 9 nm Ga 0.8 In 0.2 N 0.015 As 0.985 QW and a 9 nm Ga 0.8 In 0.2 As QW. A 50 nm GaAs spacer layer separates the two wells. We used a GaInAs layer with same thickness and same In concentration of GaInNAs as a reference layer to determine the N concentration in GaInNAs accurately by comparing the PL spectra from the two wells [12] . The sample was fabricated in the form of single bar, and ohmic contacts were formed by diffusing a sequence of Au/AuGe/Ni/Au through the layers for 120 s at 420
• C. In-plane photovoltage studies carried out earlier by us on the same sample and reported in [13] showed GaInNAs clearly that the contacts diffused through all the layers until the GaAs buffer. A 1 mm 2 optical window is left on the top of the simple bar device for the PITS measurements, as shown in figure 2 .
The sample was inserted inside a liquid nitrogen cryostat. The temperature was swept from T = 77 K to about 350 K at a constant rate of 0.17 K s −1 . A direct-current (dc) voltage of 5.98 V was applied between the sample electrodes and a 20 k resistor placed in series for the measurements of current transients. The sample was excited with a broadband light or a long pass filtered light, mechanically chopped at a 0.8 s repetition rate and 20 ms pulsewidth. The differential photocurrent, sampled between t 1 and t 2 decay times, was recorded using a lock-in amplifier connected to the multivibrator/gate/sample and hold circuit. A more detailed description of the experimental set-up used for the PITS measurements is given elsewhere [14] . Five values of t 1 , precisely t 1 = 4, 8, 16, 32 and 64 ms, were chosen after the end of the fast component of the photocurrent decay curves of the PITS signal, by keeping the ratio t 1 /t 2 constant and equal to 10, therefore defining t 2 = 40, 80, 160, 320 and 640 ms.
Results and discussion
In figures 3(a) and (b) and figures 4(a) and (b) we show the PITS spectra taken with white light and filtered light excitation, respectively. The various curves (PITS1-PITS5) correspond to the different values of t 1 (from 4 to 64 ms, as stated above). In figure 3(a) , where the excitation source is a broadband white source, each spectrum contains three peaks, located at temperatures around 100, 150 and 205 K, and labelled P1, P2 and P3, respectively.
The results shown in figure 4 were obtained by using a long-pass silicon filter, with a cut-off photon energy of 1.1 eV, in front of the sample. The reason for the filter was to study the traps associated with the GaInNAs layer only. In our previous work concerning the photoluminescence from this sample, we observed a GaInAs-associated PL peak at 985 nm (1.25 eV) and a GaInNAs PL peak at 1235 nm (1 eV) at room temperature [12] . Therefore, there is no valence-conduction excitation in the GaAs and GaInAs layers. The resulting PITS spectra in figure 4(a) indicate the presence of only two peaks, labelled Psi1 and Psi2, and located around 100 and 150 K. The energy levels and the capture cross-sections corresponding to each peak (calculated from the Arrhenius plots shown in figures 3(b) and 4(b)) are summarized in table 1.
In the calculations of the capture cross-sections for GaInNAs, an electron effective mass m e * = 0.0782m 0 was used, which is obtained from the band anticrossing model (BAC) [12] . However, this value is still debatable, and, as far we are aware, there is no directly measured value available. In fact, some values of m e * , deduced from indirect experiments [15] indicate that it is much heavier than that for GaAs (m e * = 0.067m 0 ). Therefore, it is worth pointing out that the capture cross-sections may be different from those in table 1 depending on the value of effective mass chosen.
Comparing the PITS spectra obtained with white light and with the silicon filter, it is clear that the first two peaks in figure 3(a) , namely P1 and P2, are in the same temperature range of Psi1 and Psi2 in figure 4(a) . However, the relative intensities
are different. The peaks labelled P1 and Psi1 are in the same temperature range under both optical excitations, and correspond to the same activation energies within an experimental accuracy of 10%. These are 0.18 and 0.16 eV respectively. We believe that these two peaks are due to the same trap level in GaInNAs layer. Kaplar [16] , who used a DLTS technique to investigate deep levels in a Sn-doped n-type Ga 0.925 In 0.075 N 0.025 As 0.975 latticematched to GaAs, also observed a trap level at approximately 0.2 eV below the conduction band.
The peaks P2 and Psi2 appear in the same temperature range (∼140-170 K), as illustrated in figures 3(a) and 4(a). However, the activation energies associated with these two peaks, namely 24 meV for P2 and 0.33 eV for Psi2, are very different. Since Psi2 dominates the entire spectrum in figure 4(a) , it is believed to be a trap level in the GaInNAs layer, although it is not visible in any white light induced PITS spectrum. Furthermore, Psi2 is in good agreement with the activation energy of 0.34 eV obtained with DLTS by Kaplar [16] . The activation energy of P3 is equal to 0.33 eV, the same as that of Psi2, suggesting that both peaks may correspond to the same trap level. However, their temperature range and capture cross-sections are very different. Furthermore, since this level is active only when the white light is on, we believe that the level is in the wider bandgap material, not in GaInNAs. Unfortunately, without further filtering in different wavelength ranges, it has not been possible to establish whether it is in GaAs or GaInAs layers.
Moreover, it should be noted that although the PITS technique is very useful in extracting the trap levels, it fails in determining the type of carriers which trap in these levels.
The peak labelled P2, with an activation energy of 24 meV, appears with white light excitation when the interband absorption takes place in all the layers. We believe that this level is the well-known carbon impurity in the MBE-grown GaAs. Further evidence for this comes from the spectral dependence of in-plane photovoltage [13] and photoconductivity [17] measurements reported by us on the same sample.
Conclusions
We have used the PITS technique to investigate the trap levels and capture cross-sections of sequentially grown undoped Ga 0.8 In 0.2 N 0.015 As 0.985 /GaAs and Ga 0.8 In 0.2 As/GaAs QWs. In conclusion, we have shown, within an error accuracy of the presence of two trap levels having energies at 0.18 eV ± 10% and 0.33 eV ± 10% below the conduction band in GaInNAs, a shallow level at 24 meV above the valence band in GaAs, and another level again having energy at 0.33 eV, in either GaInAs or GaAs.
